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ABSTRACT 

Environmental pollution from hazardous waste materials, organic pollutants and heavy metals, 

has adversely affected the natural ecosystem to the detriment of man. These pollutants arise from 

anthropogenic sources as well as natural disasters such as hurricanes and volcanic eruptions. 

Toxic metals could accumulate in agricultural soils and get into the food chain, thereby becoming 

a major threat to food security. Conventional and physical methods are expensive and not 

effective in areas with low metal toxicity. Bioremediation is therefore an eco-friendly and efficient 

method of reclaiming environments contaminated with heavy metals by making use of the inherent 

biological mechanisms of microorganisms and plants to eradicate hazardous contaminants. This 

review discusses the toxic effects of heavy metal pollution and the mechanisms used by microbes 

and plants for environmental remediation. It also emphasized the importance of modern 

biotechnological techniques and approaches in improving the ability of microbial enzymes to 

effectively degrade heavy metals at a faster rate, highlighting recent advances in microbial 

bioremediation and phytoremediation for the removal of heavy metals from the environment as 

well as future prospects and limitations.  

 

1. INTRODUCTION 

Pollution of the environment keeps on increasing at an alarming rate due to the activities of man 

such as urbanization, technological advancement, unsafe agricultural practices and rapid 

industrialization which degrades the environment. Heavy metals released into the environment are 

persistent due to their toxicity which poses a severe threat to organisms exposed to high levels of 

such pollutants. Metals are essential to the biological functions of plants and animals but at 

elevated levels, they interfere with metabolic reactions in systems of organisms. Toxic heavy 

metals such as lead ( Pb), cadmium (Cd), mercury (Hg), chromium (Cr), zinc (Zn), uranium (Ur), 

selenium (Se), silver ( Ag), gold (Au), nickel (Ni) and arsenic (As) which are not useful to plants, 

are capable of reducing plant growth due to reduced photosynthetic activities, plant mineral 

nutrition, and reduced activity of essential enzymes (Kabata-Pendias, 2010). Heavy metals are 

cytotoxic at low concentrations and could lead to cancer in humans. These toxic metals could 

accumulate in the body when consumed in contaminated food through the food chain and become 

health risks to living organisms. This causes oxidative stress, an unevenness involving the 

production of free radicals and the capacity of cells to eradicate them or repair the damage. This 

leads to base damage through formation of reactive oxygen species (ROS) which includes oxygen 

radicals (superoxide and hydroxyl) and non-radical derivatives of molecular oxygen (O2) such as 

hydrogen peroxide (H2O2), as well as breakage of the DNA molecule (Dixit et al., 2015). Heavy 

metal toxicity increases the production of ROS thereby decreasing the antioxidant systems 

(glutathione, superoxide dismutase, etc.) which protect cells. If this condition continues, the 

normal functioning of the organism is affected and may invariably lead to cell death. 

Bioremediation is gradually being accepted as the standard practice for the restoration of heavy- 
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metal-contaminated soils since it is more eco-friendly and cost effective compared to the 

conventional chemical and physical methods, which are often very expensive and ineffective 

when metal concentrations are low, in addition to producing significant amounts of toxic sludge. 

The cost effectiveness of bioremediation was reported by Blaylock et al., (2007) who were able to 

save 50–65% of cost, when bioremediation was used for the treatment of one acre of Pb-polluted 

soil compared with the use of conventional methods such as excavation and landfill. The ability of 

microorganisms to degrade pollutants depends on the suitability of environmental conditions for 

their growth and metabolism which include suitable temperature, pH, and moisture. This review 

discusses the effects of heavy metals on the environment and how they can be effectively 

remediated using plants and microorganism. It further discusses the various mechanisms utilized 

by these organisms for remediating heavy metal contamination. The possible prospects and 

limitation of genetically modified organisms for bioremediation are also discussed 

 

  2.1BIOREMEDIATION 

Bioremediation is a technique used to remove environmental contaminants from the ecosystem. It 

utilizes the biological mechanisms inherent in microbes and plants to eradicate hazardous 

pollutants and restore the ecosystem to its original condition. The basic principles of 

bioremediation involve reducing the solubility of these environmental contaminants by changing 

pH, the redox reactions and adsorption of contaminants from polluted environment. Various 

reports have been made on enhancing biosorption of pentachlorophenol (PCP) by altering the pH 

levels in aqueous solutions (Tak et al., 2013). For example, the biosorption abilities of Aspergillus 

niger and Mycobacterium chlorophenolicum in the removal of PCP from aqueous solutions were 

reported to be pH-dependent. Brandt et al., (2007) also evaluated the influence of pH on 

adsorption and desorption behavior of PCP by M. chlorophenolicum and reported that pH values 

were an essential parameter which affected PCP adsorption, with adsorptive capacity increasing 

with decreased pH. At pH 5.4, adsorption by the bacterium was completely irreversible, while 

complete desorption was obtained at pH 7.0. At pH 6–8, better results on adsorption behavior of 

PCP by microbial biomass in aqueous solution were obtained by Jianlong et al., (2000). The 

results obtained by various authors highlight the importance of using the appropriate pH for 

optimum performance of microorganisms used in bioremediation. Bioremediation technologies 

are based on redox processes which focus on modifying the chemistry and microbiology of water 

by injecting selected reagents into contaminated water to enhance the degradation and extraction 

of various contaminants by in situ chemical oxidation/reduction reactions (Tendon et al., 2010). 

Redox reactions involve chemically transforming harmful contaminants into innocuous or less 

toxic compounds that are more stable, less mobile or inert. 

The effectiveness of bioremediation depends on several factors such as the nature of the 

organisms utilized, the prevailing environmental factors at the contaminated site, as well as the 

degree of the pollutants in that environment. Bioremediation can be achieved with the use of 

microorganisms (microbial bioremediation) which depends on the metabolic potential of the 

microorganisms to degrade environmental pollutants and change them to innocuous forms 

through redox processes (Jan et al., 2014). It can also be carried out by plants which bind, extract 

and remediate pollutants from the environment (phytoremediation). The level of contaminated 

soil, the bioavailability of the metal contaminant, as well as the accumulation of metals as 

biomass by the plant, are critical to the success of phytoremediation as a means of eradicating 

heavy metals from contaminated sites using plants Tak et al., (2013). Bioremediation could be in-

situ or ex-situ. In-situ bioremediation is an onsite cleanup process of contaminated environments 

which involves supplementing contaminated soils with nutrients to stimulate microorganisms in  
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their ability to degrade contaminants, as well as add new microorganisms to the environment or 

improve the indigenous microorganisms to degrade specific contaminants using genetic 

engineering. Utilization of natural microorganisms in the environment for in situ bioremediation 

is affected by the non-availability of suitable nutrient levels and/or environmental setting at the 

polluted location.  

 

2.2EFFECT OF HEAVY METALS ON THE ENVIRONMENT 

The non-biodegradability of heavy metals makes it hard to remove them from contaminated 

biological tissues and this is a major concern for global health because of their lethal nature. 

Heavy metals such as cobalt (Co), copper (Cu), iron (Fe), manganese (Mn) and molybdenum ( 

Mo ) are required in small quantities for the survival of living organisms  Kushwaha et al., (2015) 

but at higher concentrations, they could become detrimental. The heavy metals Hg, Cr, As, Zn, 

Cd, Ur, Se, Ag, Au and Ni are hazardous heavy metals that contaminate the environment and 

adversely affects the quality of the soil, crop production as well as public health, if their 

concentration exceeds the maximum permissible concentration in water given by the 

Comprehensive Environmental Response Compensation and Liability Act, USA: Ar (0.01 

mg·L−1), Cd (0.05 mg·L−1), Cr (0.01 mg·L−1) , Pb (0.015 mg·L−1), Hg (0.002 mg·L−1) and Ag 

(0.05 mg·L−1) respectively Kushwaha et al., (2015). These pollutants are major sources of life-

threatening degenerative diseases affecting humans such as cancer, Alzheimer’s disease, 

atherosclerosis, Parkinson’s disease, etc.(Kabata-Pendias 2010). The degree of toxicity of each 

metal is determined by the duration of exposure as well as the absorbed dosage by the organisms. 

Among organisms greatly affected by heavy metal toxicity are plants as their normal 

physiological activities are severely hampered. For example, the processes of respiration, 

photosynthesis, electron transport chain and cell division are negatively affected by elevated 

levels of heavy metals as documented by laboratory experiments. Moreover, high metal toxicity 

inhibits cytoplasmic enzymes in plant cells and causes damage to cell structures due to oxidative 

stress which consequently affects plant growth and metabolism. Exposure of the body to high 

levels of Pb could cause serious health implications such as lack of coordination and paralysis, 

while severe exposure to Cd damages internal organs of the body such as the kidney, liver and 

cardiac tissues.  

Arsenic is the most common cause of acute heavy metal poisoning in adults and children 

and could result in respiratory diseases such as reduced pulmonary function or lung cancer. The 

central nervous system is affected by Hg, a neurotoxin which impairs speech and hearing, and 

causes weakness of the muscles ( Lakherwal, 2016). It accumulates in the cells of microbes in 

aquatic bodies where it gets converted to methyl mercury in the microbes and becomes 

detrimental to aquatic lives. Consumption of fish and other aquatic animals by man can cause the 

transfer of toxic methyl mercury to man. Due to the detrimental effects of these heavy metals, 

concerted efforts need to be made to effectively eradicate them from the environment and 

stabilize the ecosystem. 
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Figure 1. Mechanisms of biosorption based on (a) dependence on cell metabolism; (b) 

location within the cell where the metal is removed, adapted from Gupta et al. (2016). 

 

2.3 PHYTOREMEDIATION 

Phytoremediation deals with the cleanup of organic pollutants and heavy metal contaminants 

using plants and rhizospheric microorganisms. It is inexpensive, eco-friendly and an efficient 

means of restoration of polluted environments especially those that of heavy metals. Nonetheless, 

the level of soil contamination, the quantity of metal contaminant in the soil, as well as the ability 

of plants to aggressively take up metals from the soil, determine the success of phytoremediation 

at any polluted site (Bosso et al., 2015). Plants utilized in phytoremediation are the 

hyperaccumulators with a very high heavy metal accumulation potential and little biomass 

efficiency, and non-hyperaccumulators which possess lesser extraction capacity than 

hyperaccumulators, but whose total biomass yield is substantially higher and are fast-growing 

species.  

Several processes are used to remove heavy metals from contaminted soils by some plants as 

illustrated in Figure 2. 

 

2.4PHYTOEXTRACTION/PHYTOACCUMULATION 

Phytoextraction involves the uptake and movement of metal pollutants in the soil through plant 

roots into above-ground components of the plants, based on the mechanism of 

hyperaccumulation. Hyperaccumulator plants take up metals in large quantities from 

contaminated soils, then transport and accumulate them in organs above the ground at 

concentrations from 100 to 1000 times higher than those found in non-hyperaccumulating species 

without suffering any apparent phytotoxic effect (Tak et al., 2013), hence they are very suitable 

for phytoremediation. These plants are usually found growing in areas with long-lasting metal 

contamination in soil over time and produce abundant biomass that can be easily harvested. Van  
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der Ent et al., (2013) gave the following criteria for hyperaccumulator plants based on metal 

concentrations in dried foliage (Cd 100, Co, Cu, Cr 300, Pb, Ni 1000, Zn 3000 and Mn (µg/g 

respectively)). Based on these criteria, about 500 taxa have been identified as hyperaccumulators 

of some metals and the popular ones are representatives of the following families: Brassicaceae, 

Caryophylaceae, Violaceae, Fabaceae, Euphorbiaceae, Lamiaceae, Asteraceae, Cyperaceae, 

Poaceae, Cunouniaceae and Flacourtiaceae, as indicated in Table 2. These plants are unique 

because of the following characteristics: (1) a much greater capacity to take up heavy metals from 

the soil; (2) enhanced root-to-shoot translocation of metal ions; (3) a much greater ability to 

detoxify and sequester extremely large amounts of heavy metals in the shoots; (4) ability to grow 

fast; and (5) a profuse root system ( Srivastava et al., 2009). 

 

 
Figure 2 

 

In recent times, much interest has been placed on the use of sunflower (Helianthus 

annuus) for phytoremediation of organic pollutants and heavy metals due to the plant’s ability to 

take up heavy metals from the environment. The site of accumulation of these heavy metals 

differs from one plant to another. Some authors have reported accumulation of heavy metals 

mainly in the roots of sunflower with little movement from the roots to the above ground mass, 

while others reported effective movement from the roots to above ground mass. Recent studies by 

Angelova et al., (2016) showed that distribution of heavy metals in organs of sunflower is 

selective for each metal since 59% Pb accumulated in the leaves and as low as 1% accumulated in 

the seeds. Similar observations were made for Zn and Cd which accumulated 47% and 79% in the 

leaves of sunflower, respectively. Hyperaccumulator plants such as certain species within the 

Brassica genus (Brassica napus, Brassica juncea and Brassica rapa) are fast growers with high 

biomass.  
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Table 2. Some hyperaccumulator plants used in phytoextraction of heavy metals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5  PHYTOFILTERATION 

Phytofiltration could be in any of the three forms of rhizofiltration (the use of plant roots), 

blastofiltration (the use of seedlings) and caulofiltration (the use of excised plant shoots) (Dixit et 

al., 2015). It is the cleanup of polluted environments using plant roots or seedlings from aqueous 

wastes. For the effective use of phytofiltration as a phytoremediation technique, more studies have 

to be carried out to identify the parts of the plant that would be more efficient in accumulating the 

metal contaminants. This is essential for the use of this technique in bioremediation. 

 

2.6PHYTOSTIMULATION  

Phytostimulation is the enhancement of microbial activity to degrade organic contaminants by 

exudates from plant roots. Ethylene at low concentration stimulates root elongation but at high 

levels inhibits cell division and DNA synthesis. Nevertheless, this can be prevented by reducing 

ethylene concentration in plants using the enzyme 1- aminocyclopropane-1-carboxylase 

deaminase which reduces abiotic stress in plants by balancing plant ethylene-level production 

(Jain and Arnepalli, 2016). This enzyme is made by PGPR linked with plant roots using exudates 

released by plants as carbon and energy sources to degrade metal contaminants. 

 

2.7 PHYTOSTABILZATION 

This involves the use of plant roots to absorb pollutants from the soil and retain them within the 

rhizosphere, and get separated and stabilized, rendering them harmless and preventing the 

pollutants from spreading in the environment. The accessibility or mobility of heavy metals in the 

environment is reduced by precipitation in the region around plant roots, root sorption, metal 

valence reduction and complexation (Bosso et al., 2015). The amount of metal in rhizosphere soil 

available for uptake determines how efficient metals are moved within the plant and the success 

of phytostabilization process. Plants used in phytostabilization should have a broad root system 

and low mobility of metals from roots to shoots. The phytostabilization ability of a plant could be 

enhanced by changing the pH and organic matter content by addition of biochar or compost which 

will increase plant yield and immobilize the metals. Phytostabilization is a better alternative of 

capturing metals in situ because the pollutants are not taken up into tissues of the plants and do 

not spread into the environment.  

 

 

Family Species Heavy Metals 

Asteraceae Berkheya coddii Ni 

Asteraceae Helianthus annuus Pb, Cd, Zn 

Brassicaceae Alyssum bertolonii Ni 

Brassicaceae Alyssum murale Ni 

Brassicaceae Arabidopsis halleri Zn, Cd 

Brassicaceae Arabidopsis halleri Cd 

Caryophyllaceae Minuartia verna Zn, Cd, Pb 

Crassulaceae Sedum alfredii Pb 

Euphorbiaceae Euphorbia cheiradenia Cu, Fe, Pb, Zn 

Fabaceae Astragalus racemosus Se 

Fabaceae Medicago sativa Pb 
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2.8 PHYTOVOLATILIZATION 

This deals with the removal of soil contaminants by plants which are readily changed into vapour 

and consequently released into the atmosphere. Tobacco plants have the ability to accumulate 

highly toxic methyl mercury from Hg-contaminated sites and transform it to the less toxic 

elemental Hg in a volatile form that escapes through the leaves to the atmosphere (Tak et al., 

2013). The conversion of contaminants into volatile forms released during phytovolatilization is 

due to the metabolic potentials of the plants in union with microorganisms residing inside the 

rhizosphere. 

 

2.9 PHYTODEGRADATION 

Phytodegradation is the breakdown of organic contaminants into non-hazardous forms by plant 

enzymes. Specific enzymes such as nitroreductases and dehalogenases are used by plants to 

degrade organic contaminants. These enzymes must be used at optimal conditions of temperature 

and pH for efficient degradation of contaminants. The degradation of organic pollutants in the soil 

could also be enhanced by rhizospheric microorganisms through the process of rhizodegradation 

(Chibuike and Obiora, 2014). This is made possible because the rhizospheric region of the plant 

contains elevated levels of nutrients released from the roots that draw more bacteria to aid 

degradation of the contaminants compared to bulk soil which has less organic compounds and, 

hence, would contain less microbes. This process is, however, restricted only to removal of 

organic pollutants since heavy metals are nonbiodegradable. 

 

2.10 RHIZOFILTRATION 

Rhizofiltration involves the elimination of toxic substances or pollutants from ground water 

through filtration by the roots of plants. The process of rhizofiltration is based on the mechanism 

of rhizospheric accumulation by plants. Terrestrial plants are more efficient for rhizofiltration 

compared to aquatic plants because they employ natural solar driven pumps to take up particular 

elements from the environment. Plants that have the ability to take up and resist high 

concentrations of toxic metals such as hyperaccumulators are best suited for rhizofiltration. 

Introduction of PGPR to a contaminated site decreases metal toxicity in plants as bioavailability 

of such metals reduces, thereby increasing the capacity of plants to get rid of heavy metal 

contaminants and get protected from environmental stress (Mani, 2015). Nevertheless, 

phytoremediation technology has some limitations which include: decrease in the rate at which 

remediation occurs which frequently becomes insufficient when there are many pollutants at the 

contaminated site, and the accumulation and storage of pollutants in the plant materials. 

 

2.11 PLANT MECHANISMS FOR METAL DETOXIFICATION 

Heavy metals at harmful levels obstruct normal plant functioning and act as an obstacle to 

metabolic processes in various ways, including dislodgment of amino acids which arise from the 

construction of bonds connecting heavy metals and sulfhydryl groups. The functional groups of 

important molecules in the cell are hindered by metal toxicity and the normal functioning of 

enzymes and pigments in the disrupted biomolecules, which interferes with the structure of the 

cytoplasmic membrane, and consistently suppress photosynthesis, respiration and enzymatic 

activities (Chandra et al., 2015). Physico-chemical properties can be used to place bioactive 

metals into two groups; redox-active metals (Cr, Cu, Mn and Fe) and non-redox active metals 

(Cd, Ni, Hg, Zn and Al). Redox active metals directly generate oxidative stress in plants which 
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disrupt cell homeostasis, affects DNA structure and function, causes damage to the chloroplast 

and accessory pigments and eventually the cell is destroyed by the production of ROS.  

 

Alternatively, oxidative stress is generated indirectly by non-redox active metals by several 

mechanisms which restrain antioxidative enzymes, or induces ROS-producing enzymes. 

Active antioxidant systems occur naturally in plants which remove the toxicity produced by ROS. 

The first line of defense in opposition to heavy metals in plants is the use of physical barriers such 

as morphological structures like thick cuticle, biologically active tissues like trichomes and cell 

walls, as well as mycorrhizal symbiosis that can act as biophysical barriers when plants are under 

heavy metal stress (Nematian and Kazeini, 2013). If these metal ions surpass these barriers and 

enter tissues and cells of the plant, several cellular defense mechanisms are initiated by the plant 

to restrain and attenuate the detrimental effects of the heavy metal. Plant cells lessen the 

undesirable effects of free radicals by generating enzymatic antioxidants such as superoxide 

dismutase, catalase and glutathione reductase, and non-enzymatic antioxidants such as ascorbate, 

glutathione, alkaloids, tocopherols, etc., that remove the free radicals.  

Defense mechanisms used by plants include: production of the enzyme phytochelatin synthase 

that readily binds to heavy metals at lethal levels production of metallothioneins and production 

of proline that acts as a compatible and metabolic osmolyte, a component of cell walls, free 

radical scavenger, antioxidant and macromolecule stabilizer. 

 

3. CONCLUSIONS 

This review highlighted the effects of heavy metal contamination caused by some human 

activities on the environment, the possible health hazards, as well as the various mechanisms and 

enzymatic reactions used by plants and microbes to effectively remediate polluted environments. 

It revealed the usefulness of bioremediation as a better substitute for the removal of heavy metals 

from contaminated sites compared to the physico–chemical methods which are less efficient and 

expensive due to the amount of energy expended. Microorganisms and plants possess inherent 

biological mechanisms that enable them to survive under heavy metal stress and remove the 

metals from the environment. These microbes use various processes such as precipitation, 

biosorption, enzymatic transformation of metals, complexation and phytoremedation techniques 

of which phytoextraction and phytostabilization have been very effective. However, the 

environmental conditions need to be adequate for effective bioremediation. The use of 

hyperaccumulator plants to remediate contaminated sites depends on the quantity of metal at that 

site and the type of soil. Environmental factors play a major role in the success of bioremediation 

as the microbes used will be hampered if appropriate environmental conditions are not available. 

More rapidly growing plants with high phytoextraction ability should be identified for the 

remediation of pollutants from soil. Moreover, assessment of metal stress on beneficial 

rhizospheric microorganisms and crops should be carried out and effective ways of enhancing the 

bioremediation process predicted. Transgenic microbes and plants could effectively remediate 

contaminated sites of heavy metal and organic pollutants but its use should be subject to stringent 

biosafety procedures to ensure that there is no health or environmental hazards. More efficient 

ways of using transgenic plants and microbes should be identified that will enable effective 

remediation of polluted environments without horizontal transfer of recombinant plasmids or 

pollens to indigenous organisms, which is currently a major challenge. Synthetic biology is an 

emerging technology that will be useful to synthesize microbial consortia with the ability to 

degrade and remove heavy metals from agricultural soils using the metabolic properties of such 

consortia of organisms. This technology should be promoted for more effective remediation of the 

environment from pollutants. Metagenomic approaches and metabolic analysis should also be 
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used to study the functional composition of microbial communities within the polluted sites for 

metal resistance genes that could be used to improve specific heavy metal degradation strains of 

microbes. Public perception of the use of gene technology for bioremediation will also need to 

change for its effective utilization; this will require cooperation between researchers and 

environmentalist. 

 

  RECOMMENDATIONS 

1. Consideration should be given to evaluating arange of chemical contaminants (including 

petroleum, hydrocarbons, chlorinated solvents, metals). This consideration should be 

carried out through coordinated efforts involving government, industries and should be 

subject to scientific and peer review. 

2. More research is needed so as to increase the species of microorganisms and plants used in 

bioremediation. 

3. Government should be up and doing so as to ensure that the chemicals (contaminants) 

necessary for bioremediation are available at any time. 
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